Spinocerebellar ataxia type 10 (SCA10; MIM 603516; refs 1,2) is an autosomal dominant disorder characterized by cerebellar ataxia and seizures. The gene SCA10 maps to a 3.8-cM interval on human chromosome 22q13-qter (refs 1,2). Because several other SCA subtypes show trinucleotide repeat expansions, we examined microsatellites in this region. We found an expansion of a pentanucleotide (ATTCT) repeat in intron 9 of SCA10 in all patients in five Mexican SCA10 families. There was an inverse correlation between the expansion size, up to 22.5 kb larger than the normal allele, and the age of onset (r 2 =0.34, P=0.018).
Analysis of 562 chromosomes from unaffected individuals of various ethnic origins (including 242 chromosomes from Mexican persons) showed a range of 10 to 22 ATTCT repeats with no evidence of expansions. Our data indicate that the new SCA10 intronic ATTCT pentanucleotide repeat in SCA10 patients is unstable and represents the largest microsatellite expansion found so far in the human genome.
In addition to two previously described families with SCA10 (refs 1,2), we identified three additional Mexican families with an autosomal dominant disease characterized by cerebellar ataxia and a b c letter seizures (Fig. 1a) . The age of disease onset appeared to be earlier in successive generations in these families. This clinical phenomenon, known as 'anticipation' , is common in dominantly inherited SCAs, in which expanded CAG repeats encoding polyglutamine tracts in the respective genes are unstable and have larger expansions in successive generations [3] [4] [5] [6] [7] [8] . Here, we found neither expansion of the CAG repeats involved in SCA1-3, 6, 7 or 12 (refs 3-10) nor expansion of the CTG repeat at the SCA8 locus 11 .
Two recombination events narrowed the SCA10 region to a 2.7-cM region between D22S1140 and D22S1153 (refs 1,2,12). Although the DNA sequence of the entire euchromatic part of human chromosome 22 is now available, there are still 11 gaps that remain to be sequenced 13 . D22S1153 resides in one of these gaps. Consequently, we could not determine the exact physical size of the SCA10 candidate region. Nevertheless, two contigs composed of bacterial artificial chromosomes (BACs), phage P1-derived artificial chromosomes (PACs) and cosmids cover most of this region.
Because of the dominant inheritance of SCA10 and the suggestion of anticipation, we examined 14 trinucleotide repeats (>3 repeats in length) listed in the SCA10 candidate interval in the chromosome 22 genome database at the Sanger Centre 13 . None of these repeats showed expansions in the affected members of SCA10 families. Moreover, repeat expansion detection (RED) analysis 14 of genomic DNA samples from affected family members also failed to show evidence of a CAG or CAA expansion (data not shown). Western-blot analysis of proteins obtained from patients' lymphoblastoid cells using a monoclonal antibody that recognizes expanded polyglutamine tracts 15 failed to detect proteins (data not shown). These findings prompted us to extend our investigation to microsatellites other than trinucleotide repeats.
PCR analysis of the region spanning a pentanucleotide (ATTCT) tandem repeat in intron 9 of SCA10 (previously designated E46; Fig. 3 ) showed repeat number polymorphism in normal individuals (Figs 1b and Fig. 2 ). Normal alleles contained from 10 to 20 repeats with 82.1% heterozygosity. Sequence analysis of the alleles obtained from 20 normal individuals showed tandem repeats of ATTCT without interruption. The distribution of the alleles was unimodal, with similar patterns among the Fig. 2 Distribution of the ATTCT repeat alleles in normal populations. Shown is a histogram of the normal ATTCT repeat alleles in European (n=250), Japanese (n=100) and Mexican (n=254) chromosomes. The distribution of the alleles was unimodal with similar patterns among the European, Mexican and Japanese populations examined. There were, however, subtle differences between these populations. In the Mexican and Japanese populations, the 14-ATTCT-repeat allele was the modal allele with frequencies of 29% and 27%, respectively. In the European population, the 13-repeat allele was modal with a frequency of 30%. Larger samples, however, will be necessary to verify the statistical significance of these results. (Fig. 2) . The allele distributions in each of three ethnically defined populations (including 127 persons from the Mexican population) were consistent with the Hardy-Weinberg equilibrium (P>0.05). In SCA10 families, PCR analysis demonstrated a uniform lack of heterozygosity in all affected individuals and carriers of the disease haplotype 1,2 , with the single amplified allele of the ATTCT repeat being shared by their unaffected parent. When the affected and unaffected parents of the patients carried distinct ATTCT repeat alleles, we found that the single allele amplified from the affected parent was never transmitted to any of these patients, suggesting that the affected parent was hemizygous and that only the allele on the wild-type (non-SCA10) chromosome is amplified (Fig. 1b) . Two other sets of primers flanking the ATTCT repeat gave the same result, excluding the possibility that the apparent hemizygosity is due to a mutation within the primer binding site. To further investigate these observations, we hybridized Southern blots of genomic DNA digested with multiple restriction endonucleases with a non-repetitive probe obtained by PCR amplification of the region immediately upstream of the ATTCT repeat, using DNA from a PAC clone (RP1-37M3) as template (Fig. 3b) . In addition to the expected normal allele, we detected a variably expanded allele in all affected individuals, whereas we saw only the wild-type allele in all unaffected family members, demonstrating that the ATTCT repeat region is expanded exclusively in SCA10 patients (Fig. 1c) . So far, we have found SCA10 only in the Mexican population, where it is the second most common autosomal dominant cerebellar ataxia after SCA2 (A.S. et al., unpublished data). We did not detect the SCA10 expansion mutation in 17 probands of unrelated European American families with autosomal dominant cerebellar ataxia that have tested negative for the SCA1-3, -6, -7, -8 or -12 mutations. It remains unknown whether SCA10 exists at a low frequency in this population.
The variable size of expanded alleles among affected individuals suggests that the expanded ATTCT repeat is highly unstable. In the SCA10 families we studied, intergenerational changes of the expanded alleles were variable, including not only expansions but also contractions (Fig. 1c) . Studies of additional SCA10 families should provide further details of the genotype-phenotype correlation and the patterns of instability of the expanded ATTCT repeats. Haplotype analysis using DNA markers flanking the ATTCT repeat showed a single disease haplotype shared by all SCA10 families studied (data not shown). Thus, our current haplotype data cannot exclude the possibility that the expanded repeat represents a rare polymorphism in linkage disequilibrium to the true pathogenic mutation. A notable observation in our SCA10 families was the weak inverse correlation between the size of the expanded allele and the age of disease onset (n=26, r 2 =0.34, P=0.018) (Fig. 4) . There may be heterogeneity in expansion size among different tissues, and the correlation we found might have been stronger if we had compared patient brain tissues, but these were not available. Although direct evidence that the ATTCT repeat expansion causes SCA10 must await the elucidation of SCA10 function, the correlation argues against the possibility that the expansion represents a rare non-pathogenic polymorphism. Moreover, we found no evidence of the ATTCT expansion in 562 normal chromosomes, including 242 chromosomes from Mexicans individuals. On this basis, and the scale of the expansion observed, we propose that this unstable pentanucleotide repeat expansion is likely to be the disease-causing mutation in SCA10.
At present, we should consider both loss of function (haploinsufficiency) and gain of function as possible pathogenic mechanisms in SCA10. Sca10 is expressed widely in mammalian brain (Fig. 5) , consistent with the phenotype of ataxia and epilepsy, and expressed sequence tags representing Sca10 are also detectable in several non-neuronal tissues. The ATTCT repeat is near the 3é nd of the large (>66 kb) intron in SCA10, so the large expansion might affect transcription or post-transcriptional processing of SCA10. We have documented transcription silencing by a large intronic repeat expansion in Friedreich ataxia, in which an expanded GAA repeat interferes with transcription of the gene FRDA (ref. 16 ). Our preliminary northern-blot data, however, show no obvious changes in the level of SCA10 mRNA in lymphoblastoid cell lines of SCA10 patients (data not shown). It will be important to examine SCA10 mRNA levels in affected tissues of SCA10 patients; however, these tissues are currently not available. The ATTCT expansion might also affect genes other than SCA10 in cis or in trans, similarly to DM1, in which an unstable CTG repeat expands up to several thousand copies in the 3ú ntranslated region of the gene DMPK (ref. 17) . The discovery of the pentanucleotide expansion in SCA10 patients defines a new class of mutations that will help determine basic mechanisms of microsatellite instability and their link to human diseases. 
